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  I 
Preface 
   The presented results of this thesis were obtained since August 24, 2009 during my Ph. D. 
study at the Institute of Physical Chemistry and Electrochemistry at the Gottfried Wilhelm 
Leibniz Universität Hannover under the supervision of Prof. Dr. Jürgen Caro. In this period, I was 
a Fellow of the Chinese government (stipendium) and was also a member of scientific research 
staff and worked for the European project NASA-OTM. 
   Six research articles in which I have been the first author or the co-author are presented 
within this thesis. The following statement will point out my contribution to the articles collected 
in this thesis. For all these articles, I would like to acknowledge the fruitful discussions and 
valuable comments from the co-authors and referees, particularly from Prof. Dr. J. Caro, Prof. Dr. 
H. Wang, Dr. H. Jiang and Priv.-Doz. Dr. A. Feldhoff.  
   The first article, Phase stability and permeation behavior of a dead-end 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ tube membrane in high-purity oxygen production, was written by 
Priv.-Doz. Dr. A. Feldhoff and my colleague Fangyi Liang. My contribution was to assist in 
performing long-term oxygen permeation measurements and to share experimental knowledge. 
   The four articles in Chapter 3, are on studying the preparation and testing of novel CO2-stable 
dual phase membranes for oxygen separation. The first article, CO2-stable and cobalt-free dual 
phase membrane for oxygen separation, was written by me. I got support on the manuscript 
preparation from all the co-authors, especially from Prof. Dr. J. Caro, Prof. Dr. H. Wang and 
Priv.-Doz. Dr. A. Feldhoff. The development and preparation of novel dual phase membranes and 
all the measurements of oxygen permeation were mainly completed by myself. (HR)TEM, 
HAAD, EELS and SEAD characterizations and data interpretation were done by Priv.-Doz. Dr. A. 
Feldhoff. Frank Steinbach conducted me to carry out the EDXS and SEM characterizations. And 
BSEM characterizations were done by Frank Steinbach and me together. Dr. Konstantin Efimov 
conducted me to carry out the XRD measurements and did the in-situ XRD measurements in 
different atmosphere. The second article, Influence of the preparation methods on the 
microstructure and oxygen permeability of a CO2-stable dual phase membrane, was written by 
me. The experimental data and calculations were performed by myself. Dr. Konstantin Efimov 
carried out the in-situ XRD measurements in different gaseous atmospheres. And the in-situ data 
calculation and interpretation were done by myself. Frank Steinbach and I did the BSEM 
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characterizations together. Prof. Dr. J. Caro, Prof. Dr. H. Wang and Dr. H. Jiang provided strong 
support on the manuscript preparation. The third article, CO2-tolerant oxygen-permeable 
Fe2O3-Ce0.9Gd0.1O2-δ dual phase membranes, was also written by me, and Prof. Dr. J. Caro 
improved it. And Prof. Dr. H. Wang offered strong support on the manuscript preparation. Dr. H. 
Jiang and Dr. A. Huang also gave many valuable suggestions to improve it. The oxygen 
permeation measurements and SEM, EDXS characterizations were conducted by myself. In-situ 
XRD measurement was done by Dr. Konstantin Efimov. And the in-situ data calculation and 
interpretation were done by myself. The fourth article, Rapid glycine-nitrate combustion 
synthesis of CO2-stable dual phase membrane 40Mn1.5Co1.5O4-δ-60Ce0.9Pr0.1O2-δ for CO2 capture 
via an oxyfuel process, was written by me with the help of Prof. Dr. J. Caro. EDXS, SEM and 
BSEM characterizations were done by Frank Steinbach and me together. Tobias Klande helped 
me to analysis the XRD. The oxygen permeation measurements and the interpretation were 
carried out by myself. 
    Another article focusing on dual phase membrane for partial oxidative methane conversion 
was collected in Chapter 4. 1 wrote the first draft: A novel cobalt-free noble metal-free 
oxygen-permeable 40Pr0.6Sr0.4FeO3-δ-60Ce0.9Pr0.1O2-δ composite membrane, Prof. Dr. J. Caro and 
Prof. H. Wang spent much time on correcting and improving it. EDXS, SEM and BSESEM 
characterizations were done by Frank Steinbach and me together. In-situ XRD measurements in 
different gaseous atmospheres were carried out by my colleague, Tobias Klande. Additionally, I 
obtained support on the manuscript preparation from all co-authors. 
All together, I have developed four novel dual phase membranes with oxygen transport: (1) 
NiFe2O4-δ-Ce0.9Gd0.1O2-δ (2) Fe2O3-δ-Ce0.9Gd0.1O2-δ (3) Mn1.5Co1.5O4-δ-Ce0.9Pr0.1O2-δ (4) 
Pr0.6Sr0.4FeO3-δ-Ce0.9Pr0.1O2-δ. The chemical composition of these four CO2-stable 
oxygen-transporting dual phase membranes was proposed by me. It was also my idea to adopt 
novel preparation concepts like one-pot single-step EDTA citric acid method and one-pot 
single-step glycine-nitrate combustion process for the first time to the development of these dual 
phase membranes. 
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Abstract 
   The combustion of fossil fuels in power stations with pure oxygen following the oxy-fuel 
process allows the sequestration of CO2. The pure oxygen needed can be separated from air by 
oxygen transporting ceramics like single phase perovskites. However, most of the so far 
developed single phase perovskites have stability problems in a CO2 containing atmosphere. Dual 
phase membranes are micro-scale mixtures of an electron conducting phase and an oxygen ion 
conducting phase and their compositions can be tailored according to practical requirements, 
which are considered to be promising substitutes for the single phase perovskite materials. In my 
thesis the issues of phase stability for perovskite-type material with the common composition 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) as well as the development of a series of novel CO2-stable dual 
phase membranes were studied.  
   In Chapter 2, the phase stability and permeation behavior of a dead-end BSCF tube 
membrane in high-purity oxygen at temperatures below 750 oC, were elucidated using powder 
X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDXS), high-angle annular 
dark-field (HAADF) and scanning transmission electron microscopy (STEM). It was found that 
parts of the cubic perovskite BSCF transformed into a hexagonal perovskite Ba0.5±xSr0.5±xCoO3-δ 
(x ≈  0.1) and a trigonal mixed oxide Ba1-xSrxCo2-yFeyO5±δ  (x ≈  0.15, y ≈  0.25) in 
high-purity oxygen at 750 oC. On the other hand, it was found that the partial degradation of 
cubic BSCF perovskite at 750 oC was more pronounced under the strongly oxidizing conditions 
on the oxygen supply (feed) side than on the oxygen release (permeate) side of the membrane. 
The structural instability of BSCF is attributed to an oxidation of cobalt from Co2+ to Co3+ and 
Co4+, which exhibits an ionic radius that is too small to be tolerated by the cubic perovskite 
structure, which then becomes unstable.  
    Chapter 3 demonstrated the development of the CO2-stable alkaline-earth metals-free dual 
phase membranes. There novel dual phase membranes of the compositions: 40 wt.% NiFe2O4-δ  - 
60 wt.% Ce0.9Gd0.1O2-δ (40NFO-60CGO),
 40 wt.% Fe2O3-δ - 60 wt.% Ce0.9Gd0.1O2-δ 
(40FO-60CGO), 40 wt.% Mn1.5Co1.5O4-δ - 60 wt.% Ce0.9Pr0.1O2- δ  (40MCO-60CPO) were 
developed using different methods, including mixing powder by hand, mixing powder by 
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ball-milling, one-pot single-step sol-gel method. The structures of the dual phase membranes 
were studied in detail by various analytical techniques such as in-situ XRD, SEM, back-scattered 
SEM (BSEM), EDXS, STEM and selected-area electron diffraction (SAED). It was found that all 
these dual phase membranes show two well separated phases. Moreover, the in-situ one-pot 
single-step sol-gel method was found to be the best way to prepare well-distribution dual phase 
membranes. On the other hand, since our dual phase membranes do not contain alkaline-earth 
metals, it can be expected that they are CO2-stable. The oxygen permeation flux measurements 
were performed for a few days and no decrease of the oxygen permeation flux was observed, 
which confirms that these dual phase membranes are CO2-stable. However, it is shown that all 
these materials are not stable in reducing atmosphere, since they contain easily reducible metals 
oxides of Co, Ni in their compositions.  
  Chapter 4 demonstrated the development of a novel cobalt-free noble metal-free 
oxygen-permeable 40 wt.% Pr0.6Sr0.4FeO3-δ - 60 wt.% Ce0.9Pr0.1O2-δ (40PSFO-60CPO) dual phase 
membrane. The structures of the dual phase membranes were investigated in detail by various 
analytical techniques such as in-situ XRD, SEM, BSEM and EDXS. In-situ XRD measurements 
in 50 vol.% N2/50vol.% CO2 atmosphere confirmed that the dual phase 40PSFO-60CPO 
membrane showed good CO2 stability since no change of the reflections and no carbonate 
formation was observed. The partial oxidation of methane (POM) to synthesis gas reaction was 
successfully performed with a 40PSFO-60CPO membrane reactor, indicating its high stability in 
reducing atmosphere.  
 
Keywords: Dual phase membrane, CO2-stable membrane, Oxygen permeation, In-situ one-pot 
single-step sol-gel method. 
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Zusammenfassung 
    Die Verbrennung von fossilen Rohstoffen in Kraftwerken nach dem Oxy-Fuel-Verfahren 
erlaubt die Abtrennung des klimaschädlichen CO2. Hierbei kann der benötigte reine Sauerstoff 
durch keramische Perowskitmembranen aus der Luft abgetrennt werden. Allerdings weisen die 
bisher entwickelten Perowskitmaterialien ein großes Stabilitätsdefizit bei extrem kleinen 
Sauerstoffpartialdrücken auf. In der praktischen Anwendung ist die eine Seite der Membran einer 
oxidierenden Atmosphäre (z.B. Luft) und die andere Seite der Membran reduzierenden oder 
CO2-haltigen Atmosphären ausgesetzt. Die hier vorgestellten Zweiphasen-Membranen bestehen 
aus einer Mischung aus einem Elektronen- und einem Sauerstoffionenleiter, die im 
Mikrometermaßstab streng getrennt als zwei Phasen vorliegen. Die Eigenschaften können durch 
durch Variation der chemischen Zusammensetzung und des Mischverhältnisses auf den 
jeweiligen Einsatzzweck maßgeschneidert werden. Das macht Zweiphasen-Membranen zu einer 
Alternative zu den bekannten einphasigen Perowskitmaterialien. In der vorliegenden 
Doktorarbeit wird die Phasenstabilität des bekannten Perowskitmaterials Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
(BSCF) untersucht und die Entwicklung neuartiger CO2-stabiler Zweiphasenmembranen 
berichtet. 
   In Kapitel 2 wird die Phasenstabilität und das Sauerstofftransportverhalten einer einseitig  
verschlossenen BSCF-Rohrmembran in hochreinem Sauerstoff bei Temperaturen über und unter 
750 °C mittels Röntgendiffraktometrie (XRD), Energie dispersive Röntgenspektroskopie (EDXS) 
und Transmissionselektronenmikroskopie (TEM) untersucht. Es wird gezeigt, dass sich die 
kubische BSCF Struktur in reinem Sauerstoff im intermediären Temperaturbereich (750 °C) 
teilweise in einen hexagonalen Pervoskiten Ba0.5±xSr0.5±xCoO3-δ und in ein trigonales Mischoxid 
Ba1-xSrxCo2-yFeyO5±δ zersetzt. 
   In Kapitel 3 wird die Entwicklung von CO2-stabilen Erdalkaliemetall-freien 
Zweiphasen-Membranen beschrieben. Drei neuartige Membranen folgender Zusammensetzung 
wurden entwickelt: 40 wt.% NiFe2O4-δ - 60 wt.% Ce0.9Gd0.1O2-δ (40NFO-60CGO),
 40 wt.% 
Fe2O3-δ - 60 wt.% Ce0.9Gd0.1O2-δ (40FO-60CGO), 40 wt.% Mn1.5Co1.5O4-δ – 60 wt.% Ce0.9Pr0.1O2-
δ  (40MCO-60CPO). Dabei wurde der Einfluss verschiedener Herstellungsprozesse auf die 
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Membraneigenschaften untersucht: Pulvermischen in einem Mörser, Mischen mittels 
Kugelmühle und Eintopf-Sol-Gel-Synthese. Die Struktur der Membranen wurde mittels einer 
Vielzahl analytischer Methoden untersucht, wie zum Beispiel in-situ Röntgendiffraktometrie 
(XRD), Rasterelektronenmikroskopie (REM), Rückstreuelektronen-Rasterelektronenmikroskopie 
(BREM), Energie-dispersive Röntgenspektroskopie (EDXS), 
Transmissionselektronenmikroskopie (TEM) und Feinbereichselektronenbeugung (SAED) 
untersucht. Alle Membranen zeigen eine eindeutige Phasentrennung, das heißt, die beiden Phasen 
liegen getrennt vor, es bilden sich keine Mischphasen. Die Herstellungsweise mittels in-situ 
Eintopf-Sol-Gel-Synthese zeigt die besten Ergebnisse in Bezug auf eine feine Homogenisierung 
(kleine Körner mit enger Korngrößenverteilung) der Phasen und den Sauerstofffluss. Durch die 
Abwesenheit von Erdalkalimetallen kann auf eine gute CO2-Verträglichkeit geschlossen werden. 
In der Tat zeigen Langzeitsauerstoffpermeationsmessungen, die über mehrere Tage in 
CO2-haltigen Atmosphären ausgeführt wurden, keine Verringerung des Sauerstoffflusses. 
Nichtsdestotrotz wurde eine schlechte Stabilität in reduzierenden Atmosphären, bedingt durch die 
leicht reduzierbaren Cobalt- und Nickelionen in den Membranen, gefunden. 
   In Kapitel 4 wird die Entwicklung einer neuartigen Cobalt- und Edelmetall-freien 
sauerstoffleitenden 40 wt.% Pr0.6Sr0.4FeO3-δ - 60 wt.% Ce0.9Pr0.1O2-δ (40PSFO-60CPO) 
Zweiphasen-Membran beschrieben. Die Struktur der Membranen wurde mittels einer Vielzahl 
analytischer Methoden untersucht, wie zum Beispiel in-situ XRD, REM, BREM und EDXS. 
In-situ XRD-Messungen in 50 vol.% N2 und 50 vol.% CO2 bestätigen die gute CO2-Toleranz des 
Materials, da keine Änderungen der Reflexe oder eine Carbonatbildung beobachtet wurde. Die 
partielle Oxidation von Methan (POM) zu Synthesegas wurde erfolgreich in einem 
Membranreaktor durchgeführt. Dies zeigt die hohe Stabilität dieser Zweiphasenmembran in 
reduzierenden Atmosphären. 
 
Schlagwörter: Zweiphasen-Membran, CO2-stabile Membran, Sauerstoffpermeation, In-situ 
Eintopf-Sol-Gel-Synthese 
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Chapter 1 
1. Introduction 
1.1 Motivation  
    It is now widely accepted that CO2 emission is the main contribution to the global warming 
via the greenhouse effect. Especially the CO2 emitted from the power plants accounts for more 
than 40 % of the global anthropogenic CO2 emissions.
 [1] Therefore, there is an urgent need to 
develop efficient and cost-effective methods for reducing the emissions of CO2 from the power 
plants into the atmosphere. Recently, CO2 capture and storage technologies to reduce the CO2 
emissions from coal-fired power plants have gained great attentions of decision makers in 
governments, industry and academia. There are three major concepts for CO2 sequestration: 
post-combustion capture, pre-combustion separation and oxy-fuel techniques.[2] Among these 
promising strategies to integrate the existing coal-ﬁred power plants with CO2 capture to produce 
low emission electricity, oxy-fuel combustion is considered to be more economically feasible 
than other strategies. So far, several big projects have been initiated such as CS Callide 
(Australia), Vattenfal (Germany), Inabensa (Spain), OXY-CFB-300 (Spain), TotalLacq (France) 
and FutureGen2 (USA) program with billion dollar investments for each of these projects. [3]   
    In oxy-fuel combustion, the combustion process is accomplished with pure O2 or an O2/CO2 
mixture in steady of air, thus major waste gas produced is CO2, enabling the CO2 capture more 
energy-efficient. [4] Mixed ion electron conducting (MIEC) ceramic membranes have gained 
increasing attention due to their potential applications in oxygen supply to power stations for CO2 
capture according to the oxy-fuel concept by using flue gas as sweep gas, which reduce O2 
production cost by 35 % or more comparing the conditional oxygen separation methods (e.g. 
cryogenic distillation and pressure swing adsorption). Two different methods of membrane 
integration (three-end operation and four-end operation) [5] have been presented in the 
membrane-based oxy-fuel power plant. In the other hand, MIEC ceramic membranes could be 
promising applications are high-temperature catalytic membrane reactors for hydrocarbon conversion 
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into syngas and added-value products and the thermal decomposition of carbon dioxide in 
combination with the partial oxidation of methane to syngas. In these applications, MIECMs enable 
thermal integration and energy saving and allow process intensification and thus realizing the 
process with highest efficiency.[6] However, in the real process conditions which include the 
presence of highly concentrated CO2, it is considered that a dense oxygen separation membrane 
should possess the following properties: (i) high oxygen permeation flux, i.e. having both high 
oxygen ion and electron conductivities; (ii) good structural stability within appropriate ranges of 
temperature and oxygen partial pressure; (iii) sufficient chemical compatibility and mechanical 
strength. [7] Figure 1.1 shows the most important issues for the application of MIEC ceramic 
membranes in the membrane-based oxy-fuel power plant. 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Critical issues of mixed ion electron conducting ceramic membranes. [7] 
     
   Over the last two decades, large efforts have been made to develop perovskite-type oxides with 
the general formula of ABO3 (A = alkaline-earth metals or lanthanide elements; B = transition metals) 
membrane since a high oxygen permeation flux could be obtained. The highest oxygen permeation is 
observed for alkaline-earth cobaltites such as Ba1-xSrxCo1-yFeyO3-δ,
 [8,9] BaCo1-yFeyO3-δ,
 [10] and 
SrCo1-yFeyO3-δ. 
[11,12] Even though a high oxygen permeation flux of these materials could be obtained, 
their widespread adoption are hampered owing to phase instability of cobalt-based perovskite at 
intermediate temperatures [13,14] and the poor chemical stability under a large oxygen concentration 
gradient. [15,16] The phase and chemical stability of single phase perovskite MIEC membrane 
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materials can be enhanced by removal cobalt elements. Many cobalt-free materials (e.g 
BaCe0.15Fe0.85O3-δ, [17] Ba0.95La0.05Fe0O3-δ, [18] Ba0.5Sr0.5Fe0.8Zn0.2O3-δ, [19] Ba0.5Sr0.5Fe0.8Cu0.2O3-δ [20] 
and Ba0.5Sr0.5Fe0.9Al0.1O3-δ, [21]) have been developed and offered much higher stability comparing 
with the cobalt-based perovskites. However, for numerous applications like for the oxy-fuel 
process or hydrocarbon partial oxidations, where some CO2 is formed as by-product of an 
undesired deeper oxidation, the oxygen transporting membranes must sustain their phase stability 
and oxygen transport property. [22,23] Generally speaking, it is difficult to meet all 
above-mentioned requirements in a single phase perovskite MIEC membrane because of its 
improvement in one aspect but often accompanying by the deterioration in others. Therefore, the 
dual phase oxygen permeable membranes have been proposed to avoid this dilemma since their 
compositions can be tailoring in the practical applications, in which oxygen ions are transported 
through the oxygen ion conducting phase (OIC-phase), while electrons are carried by the electron 
conducting phase (EC-phase). The oxygen permeation properties of dual phase membrane are 
dependent on their electronic and ionic conductivity, chemical stability, phase stability, as well as 
thermal expansion compatibility between the two OIC and EC phases. [24] 
    Until now, numerous dual phase materials have been developed which can be divided into 
two major groups: (i) The first generation of dual phase membranes consist of noble metal (such 
as Ag, Pd) powders as electronic and a ceramic particles as ionic conductors. [25–28] However, 
these dual phase membranes are expensive, a mismatch of the thermal expansion coefficients 
(TEC) of the metallic and the ceramic phase exists, and the oxygen permeabilities were found to 
be low. (ii) The second generation of dual phase membranes compose of two oxides, where one 
of the oxides acts as electron conductor instead of the noble metal. [29–32] These dual phase 
membranes of the second generation show higher oxygen permeabilities, but they usually contain 
a perovskite phase (ABO3, A= alkaline-earth metals or lanthanide element; B = transition metal). 
The alkaline-earth metals on the A site easily form carbonates if CO2 is present. This carbonate 
formation is found to be reversible but it immediately stops the oxygen flux. [33,34] These dual 
phase membranes also suffer from a mechanical stress and can mechanically decompose due to 
swelling by carbonate formation. On the other hand, reactions between OIC and EC phases in the 
second generation of dual phase membranes at high operation temperature limited their wide 
application. 
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    The main aims of this thesis are to elucidate the issues of single phase perovskite-type 
oxygen permeable membrane and develop novel CO2-stable dual phase membranes targeted in 
CO2 capture in an oxy-fuel process or thermal decomposition of carbon dioxide in combination with 
the partial oxidation of methane to syngas. The issue of phase stability of perovskite-type 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) was discussed first in Chapter 2. With taking advantages of the 
flexibility of dual phase materials, a series of novel CO2-stable dual phase membrane were 
designed and investigated. Since these new dual phase membranes do not contain alkaline-earth 
metals, it can be expected that they are CO2-stable. The effects of preparation methods and 
composition ratios on the oxygen permeabilites through these dual phase membranes were 
investigated in detail. The phase and CO2 stability was studied in detail in Chapter 3. In Chapter 4, 
partial oxidation of methane (POM) to synthesis gas with a novel CO2-stable dual phase 
membrane was investigated in the dual phase membrane reactor.  
 
1.2 Basic aspects of dense oxygen permeable membranes  
1.2.1 Concepts of dense ceramic oxygen permeable membranes  
    Up to now, several dense oxygen permeable membrane concepts have been proposed, all of 
them incorporating a dense ceramic oxygen ion conducting materials. Figure 1.2 shows four 
membrane concepts employing a dense oxygen ion conducting materials. In concept (a), [35] solid 
state cell also called oxygen pump, is based on a solid oxide electrolyte, which is only for oxygen 
ions transportation. Electrodes and wiring are required for the external transport of electrons (see 
Figure 1.2a). The driving force for overall oxygen transport is applied as a potential difference 
between the electrodes. In concept (b) shown in Figure 1.2b, mixed ion and electron conducting 
(MIEC) oxides materials were used. [36] These MIEC membranes can operate without external 
electrodes and circuits since they can transport oxygen ions as well as electrons. The driving 
force for overall oxygen transport is the differential oxygen partial pressure applied across the 
membrane. The selectivity can be reached 100 % in theory since the MIEC membranes are dense 
and tight and the oxygen transport is in ionic form. Since Teraoka et al. [37] first reported a MIEC 
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perovskite-type membrane, LaxSr1-xFeyCo1-yO3-δ, with high oxygen permeability, extensive 
efforts have been made to study such MIEC perovskite-type membranes. However, as mentioned 
in section 1.1, it is difficult to meet all requirements in a single phase membrane because of its 
improvement in one aspect but often accompanying by the deterioration in others. Therefore, the 
dual phase membranes have been proposed to avoid this dilemma since their compositions can be 
tailoring in the practical applications.  
   Figure 1.2c presents a schematic of dual phase membrane, which consists of two phases. [24] 
Therefore, a dual phase membrane also can be considered as a dispersion of one phase into the 
other phase. Usually, in such a dual phase membrane, oxygen ions transport through the oxygen 
ion conducting phase (OIC-phase), while electrons are carried by the electron conducting phase 
(EC-phase). OIC-phases were usually made from solid oxide electrolytes (fast oxygen ionic 
conductor, e.g. Y0.15Zr0.85O2-δ, Ce0.8Gd0.2O2-δ) and EC-phases can be made from pure electron 
conductors (e.g. Pd, Ag, Pt, Au) or MIEC conductors. The dual phase membrane is first proposed 
by Mazanec et al. [24], which offers an alternative use of oxide electrolytes in the field of dense 
oxygen permeable membranes. After that, several research groups [26, 28, 38-42] have reported the 
improved oxygen permeation flux with different sets of dual phase membranes by mixing of 
ceramic materials (e.g stabilized zirconia or bismuth oxides) and noble metal powders. For 
example, Chen et al. [28] has reported the 60 vol.% yttria-stabilized zirconia (YSZ) - 40 vol.% 
palladium (Pd) with 2.0 mm thickness at 1100 oC, which shows a oxygen permeation flux of 4.3
×10-8 mol/cm2·s. Jinsoo Kim et al. [42] developed the 60 vol.% Bi1.5Y0.3Sm0.2O3 (BYS) - 40 
vol.% Ag with 1.3 mm thickness, which show 5.8×10-7 mol/cm2·s at 850 oC. However, many 
problems were found in these dual phase membranes with noble metals as electronic conductors. 
The major problems are as follows: (i) The cost is too expensive. (ii) A mismatch of the thermal 
expansion coefficients (TEC) between the metallic and the ceramic phase exists. (iii) The oxygen 
permeabilities were found to be low. To solve these problems, perovskite oxides are suggested to 
replace noble metals for electron transport considering their high electronic conductivity and low 
cost. Many publications have reported these kinds of dual phase membranes. However, these dual 
phase membranes still have some disadvantages, such as poor chemical compatibility and thermal 
mismatch between two phases leading to low oxygen permeability. Kharton et al. [43] reported that 
the dual phase membrane with the compositions of Ce0.8Gd0.2O1.9 - La0.7Sr0.3MnO3-δ, whose 
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oxygen permeation flux decreased with operating time due to the formation of other layers with 
low ionic conductivity at the phase boundaries. U. Igge et al. [30] described Ce0.8Gd0.2O1.9 - 
Gd0.7Ca0.3CoO3-δ oxygen permeable membranes for NOx detection in exhaust gases. However, the 
decomposition of the perovskite phase and interdiffusion of metal ions resulted in a relatively 
poor oxygen permeability of this dual phase membrane. Recently, Zhu et al. [33,44] proposed a 
ceria based oxygen permeable membrane of Ce0.8Gd0.2O1.92 - Gd0.2Sr0.8FeO3-δ (abbreviated as 
CGO-GSFO), which showed a good oxygen permeation stability (stable for more than 1100 h 
operation) and a high oxygen permeation ﬂux of 0.80 ml/ min·cm2 at 950 oC under an oxygen 
partial pressure gradient of 21 kPa/0.5 kPa. However, SrCO3 phase was also detected in the spent 
membrane, indicating a decomposition of the perovskite phase to some extent. Therefore, the 
development of new dual phase membranes with high phase and chemical stability is still highly 
in demand in practical conditions, especially in CO2 and reducing atmospheres. In the Chapter 3 
in this thesis, the development of novel CO2-sable dual phase membrane will be addressed in 
detail. 
   It is well-known that the oxygen permeability is related to many factors such as the 
microstructures, temperatures, oxygen partial pressures and thicknesses etc. It is accepted that the 
decrease of membrane thickness can enhance the oxygen permeation flux though a membrane 
when the oxygen permeation is limited by bulk diffusion. However, the mechanical strength of a 
thin membrane also will be decrease when the thickness was decreased. In order to obtain the 
oxygen permeable membrane with high oxygen permeation flux and sufficient mechanical 
strength, asymmetric membrane was proposed. Figure 1.2d presents a schematic of an 
asymmetric membrane, which consist of thin dense layer and porous support. In this structure, 
the support and the thin layer should have good chemical compatibility and similar expansion 
coefficients. Teraoka et al. first reported an asymmetric membrane, whose support and thin layer 
were both fabricated with La0.6Sr0.4CoO3-δ perovskite oxides by means of sputtering and spray 
deposition techniques, [45]  
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Figure 1.2 Four membrane concepts employing a dense oxygen ion conducting materials: (a)   
solid state cell (oxygen pump), (b) MIEC membrane, (c) dual phase membrane and (d) 
asymmetric membrane. PO2
’ and PO2" denote the high oxygen partial pressure on the feed side 
and low oxygen partial pressure on the permeated side. [46] 
     
1.2.2 Structures of dense ceramic oxygen permeable materials  
    It is well-know that the oxygen permeability of any ceramic dense oxygen permeable 
membrane is related to the materials properties of the membrane. Successively, the properties of 
the materials highly depend on not only the chemical composition but also the materials structure. 
There are many structures were found until now. The major structures can be classified into (i) 
fluorite-type (general formula AO2, e.g. CeO2, ZrO2),
 [47] (ii) K2NiF4-type (general formula 
K2NiF4, e.g. La2NiO4),
 [48] (iii) brownmillerite-type (general formula A2B2O5, e.g.Ca2AlFeO5),
 [49] 
(iv) pyrochlore-type (general formula A2B2O7, e.g. Ca2Re2O7),
 [50] (v) double perovskite-type 
(general formula A2B2O6, e.g. Sr2FeMoO6), 
[51] (v) Ruddlesden-Popper series (general formula 
An+1BnO3n+1, e.g. K2La2Ti3O10),
 [52] (vi) single cubic perovskite-type structure.[53] Among these 
MIEC oxygen permeable membrane materials, cubic perovskite-type membranes are studied 
extensively, since this kind of mixed-conducting dense membranes that show high oxygen 
permeation rates at high temperatures. The general formula of ideal perovskite oxide is ABO3, 
where A is occupied the large cation (mostly alkaline, alkaline-earth or rare-earth cation) and B is 
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smaller cation (mostly transition metals). [54] In the typical ideal cubic perovskite structure as 
shown in Figure 1.3, it is clearly to visualize the structure is in terms of the BO6 octahedra, which 
share corners infinitely in all 3 dimensions. The ideal cubic perovskite structure has the A cation 
in 12-fold oxygen coordination and the B-cation in 6-fold oxygen coordination, since the A 
cations occupy every hole which is created by 8 BO6 octahedra. In the example shown in Figure 
1.3, the Sr atoms are located at the 12 coordinate A site and the Ti atoms occupy the 6 coordinate 
B site. The B-O distance is equal to a/2 (a denotes the cubic unit cell parameter) while the A-O 
distance is a/ 2 . The perovksite structure has various representatives compositional 
combinational such as A1+B5+O3, A
2+B4+O3, or A
3+B3+O3. Therefore, many cations and their 
respective atomic radii can be incorporated into the perovksite structure. However, with the wide 
range of cation combinations available for the perovskite structure, the actual unit cells are 
orthorhombic instead of cubic. The symmetry of the structures can be descried by the tolerance 
factor (t), [55] which quantifies the extent to which the perovskite structure varies from the ideal 
cubic structure by the following equation:  
          
 …..………………………………………………………..……………………… (1) 
 
where, rA, rB and rO denoting the radii of the A-site and B-site cations and the oxygen ion. For an 
ideal cubic structure, t should equal one. But the perovskite structure is stable if the tolerance 
factor is in the range of 0.75 - 1.0. [56]  
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Figure 1.3 Ideal perovskite structure exhibited by SrTiO3.
 [57]  
 
1.3 Perovskite-type oxygen permeable membranes  
1.3.1 Preparation of perovskite-type oxygen permeable oxides  
   Numerous methods can be used to prepare perovskite-type oxide powders, such as solid state 
reaction, chemical vapor deposition, coprecipitation, spray pyrolysis, hydrothermal synthesis, 
combustion synthesis and EDTA-citric acid sol-gel methods. It is believed that the 
perovskite-type powders prepared with different methods can result in significantly 
microstructures, thereby affecting the properties of a performance perovskite-type oxygen 
permeable membrane. Many researchers have reported the effects of prepared methods on the 
properties of perovskite-type membrane. For example, Zhu et al. [58] found that the 
BaCe0.15Fe0.85O3-δ membrane derived from the EDTA-citric acid sol-gel method showed higher 
density and pure phase structure but lower oxygen permeability than that derived from the solid 
state reaction method. Tan et al. [59] reported that the oxygen permeation flux through 
Ba0.5Sr0.5Ce0.15Fe0.85O3-δ prepared by solid state reaction method was higher than that of prepared 
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by the EDTA-citric acid sol-gel method.  
Conventional solid state reaction method Among the aforementioned methods, the 
conventional solid state reaction method is the most commonly used for preparing the 
perovskite-type oxide powders. The solid state reaction method generally involves mechanically 
mixing and grinding the metal precursors. The suitable precursors include, but are not limited to, 
oxides, hydroxides, acetates, carbonates, chlorides, or nitrates of the desired metal ions. The 
precursors are usually mixed in appropriate stoichiometric quantities during the grinding process. 
After grinding, the mixture will be fired at high temperatures which always are higher than two 
thirds of the melting points for a long time (≥ 10 h), in order to thermally decompose the 
precursors and form the final desired phase pure perovskite. [60] Many perovskite oxide powders 
have been successfully prepared by the solid state reaction method. [61-63] For example, Zhao et al, 
[62] reported that BaCo0.7Fe0.3-xYO3-δ (BCFY, X = 0.08 - 0.2) was successfully prepared by the 
conventional solid state reaction process, with BaCO3, Fe2O3, Y2O3, and Co(CH3COO)2·4H2O as 
the raw materials. After accurately being weighted, the raw materials were mixed by ball milling 
for 6 h with ethyl alcohol as the milling medium. The slurries were dried, and the obtained 
powders were sieved (140 mesh), followed by heating at 1000 °C for 10 h in air. The calcined 
powders were ﬁnely ground to break the soft agglomerations and then ball milled again for 6 h. 
Dong et al. [63] reported that the perovskite-type La0.85Ce0.1Ga0.3Fe0.65Al0.05O3-δ (LCGFA) powders 
were synthesized by the conventional solid state reaction method. The stoichiometric amounts of 
analytical grade La2O3, CeO2, Ga2O3, Fe2O3 and Al2O3 raw materials were mixed and ball-milled 
in ethanol for 24 h. These examples demonstrated that the solid state reaction method can be used 
to synthesize even highly complex composition powders. However, generally speaking, the 
homogeneity and purity of perovskite powders prepared by the solid state reaction method are 
poor and show a broad particle size distribution. In addition, in order to get accepted purity, the 
repeated grinding, calcinations and a long ball-milling period generally would be required, which 
could be considered energy intensive.  
EDTA-citric acid sol-gel method The EDTA-citric acid sol-gel method which offers control 
over both the composition at molecular level and the structure has been used widely. Typically, a 
metal alkoxide, M(OR)x, undergoes replacement of the OR group by OH via controlled 
hydrolysis. This results in the formation of very small colloidal particles (the sol), which then 
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form a gel via condensation reaction. [64] The gel is then dried to produce an oxide. Finally, 
calcinations at high temperatures are required to produce the oxide. Figure 1.4 shows a flow chart 
of preparation of common perovskite Ba0.5Sr0.5Fe0.8Fe0.2O3-δ (BSCF) powder with the 
EDTA-citric acid sol-gel method. As shown in Figure 1.4, the stoichiometric amounts of 
Ba(NO3)2, Sr(NO3)2, Fe(NO3)3, Co(NO3)2 were mixed in a beaker. After stirring the metal nitrate 
solutions for 20 min, calculated amounts of citric acid and EDTA were added and the pH value 
was adjusted to around 9 by ammonia. The molar ratio of EDTA : citric acid : total metal ions 
was 1 : 1.5 : 1. Then, the solutions were stirred when heated to 150 oC, until the water was 
evaporated and a gel was formed. The gels were heated treatment in air at 600 oC in a furnace to 
remove the organic compounds by combustion, and the primary powders were obtained. These 
powders were calcined at 950 oC for 10 h in air. 
 
Figure 1.4 Flow chart of preparation of BSCF powder with the EDTA-citric acid sol-gel method.
 
[65]   
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1.3.2 Issues of perovskite-type oxygen permeable membranes 
    Over the last decades, the perovskite-type materials have received a lot of attention both in 
industrial and academia due to their multiple functionality and wide range of applications, 
including catalysis, superconductors, gas sensors, and as cathodes in solid oxide fuel cells 
(SOFCs), among others. In addition to the above applications, single phase perovskite-type 
oxygen permeable membranes with mixed electron-oxide ion conductivity can be separate 
oxygen from air with infinite permeation selectivity. In the 1980s, Teraoka et al. [66] developed the 
earliest version of a mixed conducting oxygen-permeable membrane SrCo1-xFexO3-δ (SCF), which 
showed very high oxygen permeation ﬂux (3.1 ml/min·cm2 with 1 mm thickness at 850 oC). 
Unfortunately, it was found that, this material has very limited chemical and structural stability in 
reduced environments. [67] It was believed that the phase/chemical stability and oxygen 
permeability can be improved by proper substitution of metals in SCF. Therefore, following 
Teraoka et al.’ pioneering work, a class of Co-based perovskite-type oxides with partial 
substitution of A or B sites have been intensive researched and developed. [68-70] For example, 
Shao et al. [65] developed a composition Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) perovskite-type material, 
which showed high oxygen permeation flux over a wide temperatures and improved stability 
comparing with SCF. After that, BSCF have been widely studied as cathodes in solid state fuel 
cells, as oxygen permeation membrane and membrane reactor. However, the wide applications of 
BSCF were still hampered by the following reasons: (i) BSCF material was not stable at 
temperatures below 750 oC. [71-73] (ii) In the presence of CO2, the oxygen permeation flux through 
BSCF membrane reduced sharp, even the structure was destroyed since the formation of 
carbonates. [74,75] The phase stability and permeation behaviour of a dead-end 
Ba0.5Co0.5Fe0.2Co0.8O3-δ tube membrane in high purity oxygen production will be discussed in 
detailed in chapter 2. Generally speaking, the single-phase mixed conducting materials are 
difficult to meet all the requirements (such as high permeability, stability, mechanical strength, 
etc.) for application as oxygen separation membranes. Therefore, the dual-phase membrane 
materials were suggested as the candidates due to their composition can be tailoring in practical 
conditions. The developments and properties of new CO2-stable dual phase membranes will be 
described in detail in Chapter 3. 
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1.4 Dual phase oxygen permeable membranes  
1.4.1 Preparation of dual phase oxygen permeable membranes  
Preparation methods for oxides and membranes To achieve the target properties of the dual 
phase powders, the flowing properties of the dual phase powders should be considered: particle 
size, particle distribution, particle morphology, degree of agglomeration, phase purity and 
chemical purity. It is important to select a powder with high reactivity for fabrication of dense 
oxygen permeable membrane materials. Therefore, it is considered that the powder should have a 
small particle size and a low degree of agglomeration. [76] The aforementioned properties of the 
dual phase powders are directly related to the synthesis methods. Dual phase oxygen permeable 
powders can be prepared by huge amount of methods, such as in a simple mixing of the two 
oxide powders, packing method, loading method, one-pot EDTA-citric acid process and the 
one-pot single-step glycine-nitrate combustion process (GNP).  
    The dual phase powders are traditionally prepared by the simple mixing of the two oxide 
powders method. This method generally involves mixing the oxygen ion conducting phase 
(OIC-phase) powder and the electron conducting phase (EC-phase) powder. In this method, 
OIC-phase and EC-phase oxides consisting of the dual phase are prepared separately in the first 
step. The aforementioned methods in section 1.3.1 generally can be used to prepare the 
OIC-phase and EC-phase oxides. In the next step, the as-obtained OIC-phase and EC-phase 
powders are mixed in the calculated weight or volume ratios though grinding in a mortar by hand 
or by mechanical mixing. This traditional synthesized method often not only requires several 
steps to get a uniform mixture but also gives coarse agglomerated powders with low sintering 
reactivity. [60] To replace this conventional preparation, one-pot single-step methods have been 
developed such as the one-pot single-step EDTA-citric acid process [33] and the one-pot 
single-step glycine-nitrate combustion process (GNP). [77] For the one-pot single-step method, all 
the required metallic ions solutions are mixed in one beaker, so that every element has the same 
chemical potential in each phase after synthesis. Therefore, diffusion of metallic elements 
between the two phases can be avoided during permeation operations. Especially, the GNP is 
reported to rapidly produce complex oxide ceramic powders of uniform composition on an 
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atomic scale and fine enough to for sinter to a high density. In this thesis, four types dual phase 
powders with the flowing compositions: 40 wt.% NiFe2O4-δ - 60  wt.% Ce0.9Gd0.1O2–δ 
(40NFO-60CGO), 40 wt.% Fe2O3 - 60 wt.% Ce0.9Gd0.1O2-δ (40FO-60CGO), 40 wt.% 
Mn1.5Co1.5O4-δ - 60 wt.% Ce0.9Pr0.1O2-δ (40MCO-60CPO) and 40 wt.% Pr0.6Sr0.4FeO3-δ - 60 wt.% 
Ce0.9Pr0.1O2-δ (40PSFO-60CPO), were involved.  
   The first 40NFO-60CGO composition is preparing in three methods (see Figure 1.3): (i) 
Powder mixing in a mortar by hand (40NFO-60CGO 01 powder): The powders of Ce0.9Gd0.1O2-δ 
(CGO), NiFe2O4-δ (NFO) and 40 wt. % NiFe2O4-δ - 60 wt. % Ce0.9Gd0.1O2-δ were synthesized by a 
combined citric acid and EDTA method. After stirring the metal nitrate solutions for 20 min, 
equal molar amounts of citrate and EDTA were added and the pH value was adjusted to ~ 9 by 
ammonia. The molar ratio of EDTA : citric acid : total metal ions was 1 : 1.5 : 1. Then the 
solutions were stirred while heated to 150 oC, until the water was evaporated and a gel was 
formed. The gels were calcined in air at 600 oC in a furnace to remove the organic compounds by 
combustion, and the primary powders were obtained. The as-obtained CGO and NFO powders 
were mixed with a weight ratio of 60 : 40. Then the mixed powders were grind in an agate mortar 
for 1.5 h. (ii) Powder mixing by ball-milling (40NFO-60CGO 02 powder): The powders of CGO, 
NFO and 40NFO-60CGO were also synthesized by a combined citric acid and EDTA method. 
But the as-prepared CGO and NFO powders were mixed in a weight ratio 60 : 40 by ball-milling 
for 4 h. (iii) Direct one-pot single-step EDTA-citric acid synthesis (40NFO-60CGO 03 powder): 
The powder mixture was obtained by in-situ one-pot single-step EDTA-citric acid process. The 
powders of all three techniques were pressed to disk membranes under a pressure of ~ 10 MPa in 
a stainless steel module with a diameter of 18 mm. Then they were sintered at 1350 oC in air for 
10 h with heating and cooling rates of 2 oC/min. X-ray diffraction (XRD), scanning electron 
microscopy (SEM), Backscattered scanning electron microscopy (BSEM), Scanning transmission 
electron microscopy (STEM) in high-angle annular dark-field (HAADF) mode, electron 
energy-loss spectroscopy (EELS), selected area electron diffraction (SAED), high-resolution 
TEM (HRTEM), and energy-dispersive X-ray spectroscopy (EDXS) were used to characterize 
the samples. The phase stabilities and oxygen behaviors of 40NFO-60CGO membranes obtained 
in three ways were investigated (chapter 3.2 and 3.3). It was found that the direct one-pot 
single-step EDTA-citric acid synthesis of 40NFO-60CGO showed the smallest grains in a 
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homogeneous distribution and the highest oxygen permeability, compared with powder 
homogenization in the mortar or the ball-milling, the direct one-pot single-step EDTA-citric acid 
synthesis. Therefore, the direct one-pot single-step EDTA-citric acid synthesis was used to 
fabricate the second composition of 40FO-60CGO mixture powder. The as-prepared powders 
were pressed to disk membranes under a pressure of ~ 10 MPa in a stainless steel module with a 
diameter of 18 mm. Then they were sintered at 1300 oC in air for 5 h with heating and cooling 
rates of 2 oC/min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Flow chart for the preparation of 40NFO-60CGO dual oxides in three ways: (i) 
mixing of two oxides by hand, 40NFO-60CGO 01 powder (ii) mixing of two oxides by ball- 
milling, 40NFO-60CGO 02 powder (iii) one-pot single-step EDTA-citric acid process, 
40NFO-60CGO 03 powder. [78,79] 
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    The 40MCO-60CPO and 40PSFO-60CPO dual phase membrane materials were prepared 
via the one-pot single-step glycine-nitrate combustion process (GNP). Figure 1.6 shows the flow 
chart for the preparation of 40PSFO-60CPO dual phase membranes via the one-pot single-step 
GNP method. As shown in Figure 1.6, a precursor was prepared by combing glycine and metal 
nitrates Sr(NO3)3, Fe(NO3)3, Ce(NO3)3 and Pr(NO3)3 in their appropriate stoichiometric ratios in 
an aqueous solution. The molar ratio of glycine: total metal ions was 2 : 1. The precursor was 
stirred and heated at 150 °C in air to evaporate excess water until a viscous liquid was yielded. 
Further, heating the viscous liquid to 300 °C caused the precursor liquid to auto-ignite. 
Combustion was rapid and self-sustaining, and a precursor ash was obtained. This precursor ash 
was calcined at 950 °C for 10 h in air to obtain the powder. The as-prepared powders were 
pressed to disk membranes under a pressure of 5 MPa in a stainless steel module with a diameter 
of 18 mm to get the green membranes. These green disks were pressure-less sintered at 1350 °C 
for 5 h in air. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6 Flow chart for the preparation of 40PSFO-60CPO dual phase membranes. [80] 
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Sintering temperatures for dual phase oxygen permeable membranes To obtain a dense and 
gas tight dual phase membrane, the as-prepared powder will be compacted and shaped by 
pressing in a rigid die or flexible mold in the desired shape (e.g. disk or tube) and following by 
sintering into the dense membrane. Sintering refers to this phenomenon: when a compacted 
powder is heated at an elevated temperature which is below its metilng point, powder particlas 
fuse together, voids between the particles reduce, and finally a dense solid body is obtained. [81] 
In this thesis, the as-prepared dual phase powders were pressed to green disk membranes under a 
pressure of 5 ~ 10 MPa in a stainless steel module with a diameter of 18 mm, following by 
sintering at high temperatures (in the range of 1300 - 1450 oC). The sintering temperature affects 
the microstructure and texture of dual phase membranes thereby influences the oxygen 
permeability though the dual phase membranes. It has been reported that the grain growth with 
increasing sintering temperatures will decrease the electrical conductivity and oxygen 
permeability for the single phase perovskite oxygen permeable membranes, such as 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ and La0.6Sr0.4Co0.2Fe0.8O3-δ.
 [82,83] They demonstrated that in the case of 
single-phase membranes the grain growth has a positive effect on the oxygen permeability, since 
the grain boundaries in single-phase perovskite membranes act as barriers for the oxygen 
transport. However, the influence of sintering temperature on the microstructure and oxygen 
permeability of dual phase membrane was more complex because of the components of dual 
phase membranes are more complex than those of the single phase perovskite membranes. Zhu et 
al. [84] have investigated the effects of sintering temperature in the range of 1400 - 1525 oC on the 
75 wt.% Ce0.85Sm0.15O2-δ - 25 wt.% Sm0.6Sr0.4FeO3-δ (75CSO-25SSFO) dual phase membranes. 
They found that when the sintered temperature was below 1425 oC, the oxygen permeation flux 
through 75CSO-25SSFO dual phase membrane increased with the increasing temperature. 
However, if the temperature was ≥ 1425 oC, the oxygen permeation flux through 75CSO-25SSFO 
dual phase membrane decreased with the increasing temperature. In this thesis (section 3.4 in 
chapter 3), it was also found that that the grain growth with increasing temperatures from 1300 to 
1350 oC has a negative effect on the oxygen permeability in the case of dual phase membranes of 
40FO-60CGO dual phase. With increasing sintering temperatures of dual phase membranes, the 
grain growth can interrupt the continuity of the FO percolation network, which will block the 
electronic transport through the dual phase 40FO-60CGO membrane. It can be concluded that a 
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high sintering temperature has a negative influence on the oxygen permeation flux for our dual 
phase membranes. Therefore, chose of a suitable sintering temperature is very important to get a 
dual phase membrane with good oxygen permeability. 
 
Ratio between the two phases in a dual phase oxygen permeable membrane For the 
membrane applications, a desired dual phase materials should consist of two continuously 
distributed phases: one being a good oxygen ionic conducting phase and the other being an 
electronic conducting phase. In other words, the precondition for the dual phase membrane is that 
both consituent phases in the composite membranes should form a continuous path for both ionic 
and electronic conductions, having their concentrations above the critical volume fraction 
(percolation threshlod). This critical volume fraction determines the minimum volume fraction in 
which conduction is possible and its function of relative dimensions and shape of the particles of 
both continuous phases. Usually, 30 vol.% of the electronic conducting phase is requried to 
exceed the percolation threshlod for a dual phase system where the grain sizes of are comparable. 
[85] In this thesis, the influence of the FO : CGO ratio on oxygen permeability of FO-CGO dual 
phase membranes was invesitigated. The χ wt. % FO - (100 – χ wt. %) CGO (χ = 25, 40 and 50, 
and denoted 25FO-75CGO, 40FO-60CGO, and 50FO-50CGO, respectively) dual phase powders 
were synthesized via a one-pot single-step EDTA-citric acid method. It was found that the 
optimum oxygen permeation flux was the composition 40FO-60CGO dual phase membrane since 
the electronic conductivity of 40FO (0.159 S·cm-1) was equal to the oxygen ionic conductivity of 
60CGO (0.155 S·cm-1). And in the thesis, in order to obtain a dual phase membrane with a 
continuous path for both ionic and electronic conductions, 40 wt.% electronic onducting phases 
were chosen to prepare the 40NFO-60CGO, 40MCO-60CPO and 40PSFO-60CPO dual phase 
memrbanes.  
 
Deposition of porous layer LSC onto dual phase membrane In order to improve the oxygen 
surface exchange rate, the perovskite-type La0.6Sr0.4CoO3-δ (LSC) oxide, which shows a good 
oxygen reducing activity when it acts as cathode materials for SOFC, was used to coat the air 
sides of 40NFO-60CGO and 40FO-60CGO dual phase membranes. First, the membranes were 
polished to 0.5 mm thickness by using 1200 grit-sand paper (average particle diameter 15.3 µm) 
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and then the membranes were washed with ethanol. Second, a LSC porous layer was deposited 
onto the air side the membrane with a paste made of 40 wt.% LSC powder and 60 wt.% terpineol. 
Third, the membrane with LSC coating was calcined at 950 °C for 2 h in air with a heating and 
cooling rate of 2 oC/min. 
  
1.4.2 Oxygen transport through dual phase oxygen permeable membranes 
Transport mechanisms Dual phase oxygen permeable membranes can separate oxygen from air 
at elevated temperature with infinite permeation selectivity. If there is a oxygen chemical 
potential gradient (▽µO2) cross the dense dual phase oxygen permeable membrane, the oxygen 
ions directly can transport from the high oxygen partial pressure (pO2′) side to the low oxygen 
partial pressure (pO2″) side accompanied by the counter transfer of the electrons. It is generally 
accepted that the oxygen permeation through the dense dual phase membrane, as shown in Figure 
1.7a, mainly involves three steps as follows: (1) oxygen insertion on the air side, (2) the 
simultaneous bulk diffusion of oxygen ion and electron through membrane bulk phase, and (3) 
oxygen release on the permeate side. The first and third steps are usually called surface exchange 
limitation steps and the second step is called bulk diffusion limitation step. The slowest step is 
considered to control the overall rate of oxygen permeation. [86]  
    The bulk diffusion is governed by oxygen ionic or electronic conduction (or both). For the 
dual phase membrane, the oxygen ion and electron transport usually take place separately. The 
oxygen ionic conduction in a dual phase membrane mainly depends on ion conductor such as Y 
or Sc-stabilized zirconia or cerium-based electrolytes, which is very stable under reaction 
environments and lower thermal expansion rates. The electronic conducting oxides in dual phase 
membranes come from first noble metals to pure ceramic electronic conducting oxides and 
recently to perovskite MIEC materials. Figure 1.7b shows the schematic illustration of oxygen 
transport in ionic/pure electronic conductor dual phase membrane oxygen and oxygen 
ionic/mixed conductor dual phase membrane. As shown in Figure 1.7b, if a dual phase membrane 
consist of a pure oxygen ion conducting phase and a pure electron conducting phase or ceramic 
oxides with poor ionic conductivity (such as noble metals: Ag, Pd, Au, spinel-type oxides:  
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Figure 1.7 (a) Schematic diagram of oxygen transport through a dual phase membrane. (b) 
close-up of marked area in (a) denotes oxygen transport in an ionic/pure electronic conductor 
dual phase membrane (left) and oxygen transport in oxygen ionic/mixed conductor dual phase 
membrane (right). [87]   
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NiFe2O4-δ, CoFe2O4-δ, MnFe2O4-δ, and perovskite-type oxides: LaxSr1-xMn(Cr)O3-δ, oxygen ions 
transport through the oxygen ion conducting phase (OIC-phase), while electrons are carried by 
the electron conducting phase (EC-phase). In other words, in such a dual phase membrane, the 
oxygen ions transport will be blocked in the bulk of membrane between ionic conductor grains. If 
a dual phase membrane consist of a pure oxygen ion conducting phase and a mixed ion-electron 
conducting phase (such as perovskite-type oxides: Gd0.2Sr0.8FeO3-δ, SmMn0.5Co0.5O3-δ) through 
the oxygen ion conducting phase transport the oxygen ions while the electron conducting phase 
(EC-phase) transport the electrons meanwhile assist the transport of the oxygen ions.  
    It is accepted the different dual phase membranes by varying thickness tend to have different 
determining steps. [88] The mainly determining steps include bulk diffusion limited step and 
surface exchange limited step.  
Bulk diffusion limitation For a relatively thick membrane, the bulk diffusion process is 
commonly the determining step. In this case, the Wagner’s theory can be used to describe the 
oxygen permeation flux through the membrane, [89,90] which is restricted to the simultaneous 
transport of oxygen ions and electrons that are ideally diluted and do not interact. The oxygen 
permeation flux JO2 can be described by Wagner’s equation as follows: 
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where e and i are the electronic and ionic conductivities, respectively, R, F, T and L denote the 
gas constant, Faraday constant, temperature and thickness of the membrane, respectively. P1 and 
P2 are the oxygen partial pressure on the permeate side and feed side, respectively. In the case of 
mixed conductor where electronic conductivity dominates, that is e >> i, the integration of 
Eq.(2) involves only i as a function of the oxygen partial pressure and gives the following 
Wagner’s equation  
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According to the above equation, the oxygen permeation rate can be increased by increasing the 
operating temperature, the pressure gradient across the membrane, or by decreasing the thickness 
of the membrane. 
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Surface exchange limitation If the oxygen transport resistance in the bulk phase becomes very 
small due to an increase in the ionic or electronic conductivity or the thickness of membranes is 
below a characteristic thickness (Lc), the surface exchange reactions on both sides would become 
the limiting steps in the oxygen permeation. The surface exchange reaction is a complex process, 
which consists of the adsorption, dissociation, charge transfer, surface diffusion and oxygen ions 
incorporation into the lattice on the interface zone of both sides. [28]  
    In this case, the Wagner equation is not applicable to describe the overall permeation process 
through the membranes. Other mechanisms and relations have been proposed to explain the 
oxygen permeation flux within this regime. It has been reported by Kim et al. [91] if the oxygen 
permeation process is limited by the surface exchange reaction. JO2 shows a linear relationship 
with (P2 - Po)
0.5 – (P1 - Po)
0.5 according to the following equation: 
 
 ………………………………..………………………... (4) 
where JO2 is the oxygen permeation flux though a OTM, Ci is the oxygen ion concentration, Da is 
the diffusion coefficient of the oxygen ion-electron hole pairs, L is the thickness of the membrane, 
Ci1,Ci2 are the oxygen concentrations of the interfaces of the membrane, n is the order of the 
chemical reaction at the gas-MIEC interface. For the oxygen permeation flow through a planar 
membrane, for this special case n = 0.5, kio is the surface exchange coefficient, and P2,  P1 and Po 
stand for high oxygen partial pressure on the feed side, low oxygen partial pressures on the sweep 
side and the normalized pressures of 1 bar, respectively.  
   Many studies indicated that the surface exchange rate can be increased by coating the 
membrane with porous layer which show a high surface exchange rate such as cobalt-containing 
perovskites or noble metal Pt. [92-94] 
Dual phase membrane permeator and reactor Oxygen permeation was studied in a 
home-made high-temperature oxygen permeation device, as shown in Figure 1.8. The disk 
membranes were sealed as described onto a quartz tube at 950 oC for 5 h with a gold paste 
(Heraeus, Germany), the side wall of the membrane disk was also covered with the good paste to 
avoid a radial contribution to the oxygen permeation flux. The effective areas of the membranes 
for oxygen permeation were 0.785 cm2. The inlet gas flow rates were controlled by gas mass flow 
controllers (Bronkhorst, Germany), and the flow rates were regularly calibrated by using a bubble 
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flow meter. The mixture O2 and N2 (or synthetic air) was used as feed gas. A mixture of He (or 
CO2, CH4) and Ne was used as sweep gas to remove the permeated oxygen. Ne was added to the 
He or (or CO2, CH4) as an internal standard gas for gas chromatography to calculate the total 
flow rate at the outlet of the sweep side. The effluents were analyzed by an online gas 
chromatograph (GC, Agilent 7890A and 6890A). The GC was frequently calibrated using 
standard gases in order to ensure the reliability of the experimental data. The leakage is caused by 
the imperfect sealing at high temperature, which can be determined by the detecting N2 by GC. In 
no case, the leakage stream which is larger than 5 % of the oxygen flux through the membrane. 
Assuming that leakage of nitrogen and oxygen is in accordance with Knudsen diffusion, the 
fluxes of leaked N2 and O2 are related by  
 
………………………………..……………………….…….... (5) 
 
The oxygen permeation flux was then calculated as follows:  
 
...……………………..………………………….….… (6) 
 
where CO2, CN2, are the oxygen and nitrogen concentrations calculated from GC calibration, F is 
the total flow rate of the outlet on the sweep side, which was measured by the change of Ne 
concentration before and after permeator. The total flow rate of the effluents was calculated from 
the change in the Ne concentrations before and after the permeator. 
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Figure 1.8 Schematic equipment for oxygen permeation in this work. [95] 
 
   Figure 1.9 shows a scheme of the dual phase 40PSFO-60CPO membrane reactor for POM 
used in this Ph.D. work. The sealing of the membrane was as above mentioned. A Ni-based 
catalyst (0.3 g, Süd Chemie AG) was loaded on the top of the membrane disc and then the 
temperature of the reactor was increased to 950 oC with a heating rate of 2 oC/min. The mixture 
methane of CH4 and Ne was fed into the permeate side, where CH4 used as the reactant for the 
POM to synthesis gas and Ne as an internal standard gas for gas chromatography to calculate the 
total flow rate at the outlet of the sweep side. All gas lines to the reactor and the gas 
chromatograph were heated to 180 oC. Gas composition was analyzed by an on-line gas 
chromatograph (GC, Agilent 6890A) equipped with the Carboxen 1000 column. Concentrations 
of CH4, CO2, CO, N2, O2 and H2 were calculated by calibrating against a standard gas mixture 
containing all the product species in the known quantities. The quantity of H2O was accounted 
based on hydrogen atom balance. The oxygen permeation ﬂux was calculated based on oxygen 
atom balance of all the oxygen-containing products. The flow rate at inlet for all the gas was 
obtained by using the bubble meter. The total flow rate of the effluents at the outlet was 
determined by using Ne as internal standard. The calculation was based on the facts that the inert 
Ne didn’t take part in the reactions and the flow rate of Ne at the inlet should be equal to that at 
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exit:  
……………………..…………………………...….……… ……... (8) 
 
where 
in
totalF  and 
out
totalF  are the total ﬂow rate of the stream at inlet and total ﬂow rate of the 
stream at outlet, respectively. 
in
NeC  and 
out
NeC  are the concentration of Ne at inlet and outlet, 
respectively. 
  The conversion of CH4 (XCH4), selectivity of CO (SCO) and H2 (SH2), and the oxygen 
permeation flux (JO2), were defined as follows:  
 
………………………..…………………………... ….…….... (7) 
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………………………..……………..  ……….….…....... (10) 
 
where Fi is the ﬂow rate of species i in ml/min, S the membrane area in cm
2. [96] 
 
 
 
Figure 1.9 Scheme of the dual phase 40PSFO-60CPO membrane reactor used in this work. 
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1.4.3 Applications of dual phase oxygen permeable membranes 
   Dual phase oxygen permeable membrane consisting of an oxygen ion conducting phase and 
electron conducting metal or ceramic phase have many applications, including as membrane 
separator for oxygen production, membrane reactors for partial oxidation of methane (POM) to 
synthesis gas and membrane reactors for H2 generation and separation from H2O splitting.
  
Membrane separator for oxygen production Oxygen is ranking among the top five in the 
production of commodity chemicals in the world. Commercial oxygen is currently produced by 
cryogenic distillation and pressure swing adsorption but both are energy consuming technologies. 
Therefore, to get cheap, high-purity oxygen is a very important demand in industry. The oxygen 
transport through the oxygen permeable membrane is in the form of oxygen ion instead of 
oxygen molecules, so pure oxygen can be obtained in principle. For a dual phase membrane 
which consists of a oxygen ionic conductor and a electronic conductor, when both phases form an 
infinitely continuous or continuous network, the oxygen ions can transport via the oxygen 
conductive phase while the electron charge compensations diffuse though electronic conductive 
phase. Dual phase membranes used as the oxygen separators with the inert gas such as He or Ar 
as sweep gas have reported by most researchers in the published work. Table 1 presents the data 
of steady-state oxygen permeation flux through various dual phase membranes in disk geometries. 
The first dual phase membranes were made of noble metal (such as Ag, Pd) powders as electronic 
conductor and ceramic particles as ionic conductors (such as Bi1.5Y0.3Sm0.2O3, 
(ZrO2)0.94(Y2O3)0.06). 
[24,27,28] In order to achieve a continuous electron transport network in the 
bulk, the volume fraction of noble metal phase usually exceeds 30 %, which leads to high costs. 
It has been reported that 60 vol.% Bi1.5Y0.3Sm0.2O3-δ - 40 vol.% Ag dual phase membrane 
forming the continuous network showed 5 times higher oxygen permeation flux than that of 70 
vol.% Bi1.5Y0.3Sm0.2O3-δ - 30 vol. % Ag without forming the continuous network.
 [97] The dual 
phase membrane consisting of two ceramic oxides was first reported by Kharton et al., [98] who 
developed a dual phase membranes with the composition of 50 wt.% Ce0.8Gd0.2O2-δ - 50 wt.% 
La0.8Sr0.2MnO3-δ. After then, several groups reported that the dual phase membranes with using 
ceramic oxides instead of the noble metals as electronic conductors (such as Ce0.8Gd0.2O2-δ - 
Gd0.7Ca0.3CoO3-δ, Ce0.8Sm0.2O2-δ - La0.8Sr0.2CrO3-δ, Zr0.6Y0.4O2-δ - La0.8Sr0.2MnO3-δ), which cost 
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lower and but still show low oxygen permeability. Recently, Yang and Zhao group developed a 
series of new dual phase membranes, comprising ceramic oxide ionic conductors and a mixed 
ion-electron conductors (such as Ce0.8Gd0.2O2-δ - Gd0.8Sr0.2FeO3-δ, La0.15Sr0.85Ga0.3Fe0.7O3-δ - 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ, Ce0.8Sm0.2O2-δ - LaBaCo2O5+δ), which show higher oxygen permeability 
than the traditional dual phase membranes. [44,101,102]  
 
Table 1 Steady-state oxygen permeation flux (JO2) though different dual phase membranes in disk 
geometries. 
Membrane 
Temperature 
(oC) 
Thickness  
(mm) 
ln (P2/P1) JO2 
(ml/min·cm2) 
Refs. 
60vol.%(ZrO2)0.94(Y2O3)0.06- 
40vol.%(In0.9Pr0.1)0.4 
1100 0.8 
- 
1.1 24 
60vol.%(Bi2O3)0.75(Er2O3)0.25-40vol.%Ag 850 1.6 3.75 0.42 27 
60vol.%(ZrO2)0.94(Y2O3)0.06-40vol.%Pd 1100 2 7.55 0.06 28 
70vol.%Bi1.5Y0.3Sm0.2O3-δ-30vol.%Ag 850 1.3 23 0.16 97 
60vol.%Bi1.5Y0.3Sm0.2O3-δ-40vol.%Ag 850 1.3 23 0.79 97 
60vol.%Ce0.8Sm0.2O2-δ- 
40vol.%La0.8Sr0.2CrO3-δ 
950 0.3 4.69 0.19 94 
50wt.%Ce0.8Gd0.2O2-δ- 
50wt.%La0.8Sr0.2MnO3-δ 
750 1 3.91 0.02 98 
Ce0.8Gd0.2O3-δ-15vol.%MnFe2O4-δ 1000 0.3 - 0.40 99 
92.8vol.%La0.15Sr0.85Ga0.3Fe0.7O3-δ
-7.2vol.%Ba0.5Sr0.5Co0.8Fe0.2O3-δ 917 2 
- 0.47 100 
60vol.%Ce0.8Gd0.2O2-δ- 
40vol.%Gd0.8Sr0.2FeO3-δ 
900 0.6 
3.74 
0.804 
44 
 
60vol.%Ce0.8Sm0.2O2-δ- 
40vol.%LaBaCo2O5+δ 
950 0.6 - 0.62 101 
60vol.%Ce0.8Sm0.2O2-δ- 
40vol.%PrBaCo2O5+δ 
925 0.6 - 0.32 102 
 
 
Membrane reactors for partial oxidation of methane (POM) to synthesis gas One of the most 
commercially important applications for MIEC membrane is considered to be the POM to syngas 
(CO + H2). Syngas (CO + H2) is the most important feedstock for methanol formation and 
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Fischer-Tropsch (F-T) reaction. Several potential advantages were offered using MIEC 
membrane reactor to product synthesis gas. The main advantages were as follows: (i) Integration 
of oxygen separation and POM in the single membrane reactor, the costs can be potentially 
reduced. (ii) Without premixing of oxygen and natural gas in the ceramic membrane reactor, the 
formation of hot spots as encountered in a co-feed reactor can be avoided. (iii) Compared to 
steam reforming, a lower H2/CO ratio of 2 is obtained during POM process, which is suitable for 
methanol synthesis or the F-T process. (iv) The gradual introduction of oxygen reduces contact 
with the partial oxidized products, which can enhance the yield of the desired products. 
    Developing MIEC membrane with a high oxygen flux and long-term stability is the main 
challenge for successful application in the syngas production process. Although many single 
phase perovskite-type membranes were reported to be successfully used in POM to synthesis gas 
and showed high oxygen permeation flux, most of their long-term stabilities were not guaranteed 
due to their poor phase and chemical stability under reducing environments. Dual phase 
membranes have been suggested as good substitutes with compositions that can be adjusted 
according to the practical requirements. Many dual phase membranes were developed to the 
POM reaction. Zhu et al. [44] reported the syngas production by POM in a series of disk-type dual 
phase membrane reactors. They reported that the dual phase membrane reactor based on 75 wt.% 
Ce0.8Gd0.2O1.9 - 25 wt.% Gd0.8Sr0.2FeO3-δ was operated in the reaction POM for more than 440 h. 
After 440 h syngas production experiment, morphologies of the surface kept intact, but metal 
elements transfer up to several microns could not be avoided. On the other hand, 75 wt.% 
Sm0.15Ce0.85O1.925 - 25 wt.% Sm0.6Sr0.4Fe1-xAlxO3-δ (x = 0 or 0.3) dual phase membranes were 
developed. [103,104] They reported that these dual phase reactors were successfully operated for the 
POM reaction at 950 oC for more than 600 h without failure. Especially, the Sm0.15Ce0.85O1.925 - 
Sm0.6Sr0.4Fe0.7Al0.3O3-δ can be steadily in the POM to syngas generation for more than 1100 h at 
950 oC.  
Membrane reactors for H2 generation and separation from H2O splitting H2 is regarded as 
one of the important clean fuel for both the electric power and transportation industries due to the 
concerns over globe climate change in the world. There is much interest in using water as a 
hydrogen source since it is clean and abundant. In particular, hydrogen generation from H2O 
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splitting with coupling partial oxidation of methane (POM) to synthesis gas employing a MIEC 
membrane reactor has gaining increasing attention. One of challenges for the process that the 
chemically and structurally stability of the employed MIEC membrane reactor under the 
operating conditions that exist on both sides: (i) high water vapor content on one side and (ii) 
high concentrations of CO and H2 on the other side. Recently, Jiang et al. 
[105] in our group 
successfully used the single phase perovskite-type BaCoxFeyZr1-x-yO3-δ (BCFZ) hollow fiber 
membrane in combing water splitting and partial oxidation of methane (POM) to product 
hydrogen and synthesis gas in the temperature range of 800 to 950 oC. They found that a high H2 
production flux of 3.1 ml/min·cm2 was obtained at 900 oC. However, the doubt of the long-term 
stability of this single phase perovskite-type BCFZ membrane still remain since Co-enriched 
phase was detected on the spent membrane. Gopalan group [106-108] proposed a series of new dual 
phase membranes (such as Ce0.8Gd0.2O1.9 - Y0.08Sr0.88Ti0.95Al0.05O3- δ , Ce0.8Gd0.2O1.9 - 
Gd0.08Sr0.88Ti0.95Al0.05O3-δ) comprised of one phase with high oxygen ion conductivity and a 
second phase with high electron conductivity, both individually stable in the gas atmospheres 
prevailing on both sides of the membrane during the hydrogen separation process. The concept of 
using a dual phase membrane to separate hydrogen from water splitting with coupling partial 
oxidation of methane (POM) to synthesis gas is schematically shown in Figure 1. 10. They 
investigated the Ce0.8Gd0.2O1.9 - Y0.08Sr0.88Ti0.95Al0.05O3- δ  dual phase membrane using 
conductivity relaxation experiments in the PO2 range of 10
−18 to 10−16 atm, which demonstrated 
excellent chemical stability under the application environment of the hydrogen generation and 
separation process. Meanwhile, they studied the Ce0.8Gd0.2O1.9 - Gd0.08Sr0.88Ti0.95Al0.05O3-δ dual 
phase disk-type membrane with 1.2 mm thickness at 900 
oC and found that 0.67 ml/min·cm2 of 
H2 can be obtained when 25 % steam fed into this dual phase membrane. Comparing to the single 
phase perovskite membrane, the H2 production is lower but the stability was higher.   
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Figure 1.10 Scheme of hydrogen production process using a dual phase membrane reactor. [106] 
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Chapter 2 
2. Phase stability and permeation behavior of BSCF 
perovskite membrane 
2.1 Summary 
Among many perovskite-type compounds, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), which has a high 
concentration of the mobile oxygen vacancies, has been regarded as one of the most promising 
materials for oxygen separation from air and for cathodes in solid-oxide fuel cells. However, the 
wide applications of BSCF were still hampered by the following reasons: (i) BSCF material was 
not stable at temperatures below 750 oC. [71-73] (ii) In the presence of CO2, the oxygen permeation 
flux through BSCF membrane is drastically reduced, the structure was even destroyed because of 
the formation of carbonates. [74,75]  
In this chapter, the phase stability and permeation behavior of a dead-end 
Ba0.5Co0.5Fe0.2Co0.8O3-δ tube membrane in the atmosphere of high purity oxygen will be 
discussed in detail. Powder X-ray diffraction (XRD), energy dispersive X-ray spectroscopy 
(EDXS), high-angle annular dark-field (HAADF) and scanning transmission electron microscopy 
(STEM) were used to analyze the spent membrane which was exposed to high purity oxygen. It 
was found that parts of the cubic perovskite BSCF transformed into a hexagonal perovskite 
Ba0.5±xSr0.5±xCoO3-δ (x ≈ 0.1) and a trigonal mixed oxide Ba1-xSrxCo2-yFeyO5±δ (x ≈ 0.15, y 
≈ 0.25) in high-purity oxygen at 750 oC. On the other hand, it was found that the partial 
degradation of cubic BSCF perovskite at 750 oC was more pronounced under the strongly 
oxidizing conditions on the oxygen supply (feed) side than on the oxygen release (permeate) side 
of the membrane. The structural instability of BSCF is attributed to a highly oxidation state of 
cobalt (+3 and +4), which exhibits an ionic radius that is too small to be tolerated by the cubic 
perovskite structure, which then becomes unstable.   
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2.2 Phase stability and permeation behavior of a dead-end 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ tube membrane in high-purity oxygen production 
Fangyi Liang, Heqing Jiang, Huixia Luo, Jürgen Caro and Armin Feldhoff  
Chem. Mater. 2011, 23, 4765.  
 
 
 
 
Reprinted (adapted) with permission from (Chemistry of Materials). Copyright (2011) 
American Chemical Society. 
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Chapter 3 
3. Preparation and characterization of alkaline-earth 
metals-free CO2-stable dual phase membranes 
3.1 Summary 
   As mentioned in Section 1.1 and section 1.3.2, in the real process conditions which can 
include the presence of highly concentrated CO2, a dense oxygen separation membrane should 
possess the following properties: (i) high oxygen permeation flux, (ii) structural stability within 
appropriate ranges of temperature and oxygen partial pressure, (iii) sufficient mechanical strength 
and chemical compatibility. Single phase perovskite membranes were hard to meet all the above 
requirements. One technique to produce CO2-stable membranes is to develop alkaline-earth 
metals-free dual phase membranes. However, many factors affect the properties of the dual phase 
membranes, like the preparation method, the ratio of two phases or the sintering temperatures. In 
this chapter, a series of alkaline-earth metals-free CO2-stable dual phase membranes (e.g. 
NFO-CGO, FO-CGO and MCO-CPO) which are composed of a pure oxygen ionic conductor and 
pure electronic conductor, were developed and studied. Special attention is paid to the CO2 
stability. The effects of the preparation method, ratios of two phase and sintering temperatures on 
the properties of the dual phase membranes were also demonstrated in detail.  
   In the first and second article, a novel CO2-stable 40NFO-60CGO dual phase membrane was 
developed using three different preparation ways (i) Powder mixing in a mortar by hand, (ii) 
Powder mixing by ball-milling and (iii) Direct one-pot EDTA-citric acid sol-gel synthesis. XRD 
and TEM results showed that both phases were well separated and no interphase was detected. 
The one-pot method gave the best homogeneous grain size distribution and the smallest mean 
grain size, thus the 40NFO-60CGO membrane obtained with this method showed the highest 
oxygen fluxes. At 1000 °C using He and CO2 as sweep gases, the oxygen permeation fluxes 
through the membrane prepared with the one-pot material were 0.31 and 0.27 ml/min·cm2, 
respectively. The oxygen permeation fluxes through 40NFO-60CGO stabilized in steady state at 
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0.31 ml/min·cm2 for more than 100 h at 1000 oC and no decrease of the oxygen permeation flux 
was observed, which confirmed that 40NFO-60CGO dual phase membranes are CO2-stable. 
   In the second article, direct one-pot single-step EDTA-citric acid sol-gel synthesis was used 
to prepare the new CO2-stable oxygen-permeable FO-CGO dual phase membranes with the 
composition χ wt. % FO - (100 – χ) wt. % CGO( χ = 25, 40, 50). XRD results confirmed that all 
the FO-CGO dual phase composed of FO and CGO phase, no other phase was formed. The 
composition 40FO-60CGO displayed the highest oxygen permeability. The 40FO-60CGO dual 
phase membrane was CO2-stable, which was proven by the in-situ XRD and long-term oxygen 
permeation measurements in the presence of CO2 in high concentration. The 40FO-60CGO dual 
phase was sintered at 1300 oC, 1325 oC, and 1350 oC, respectively. It was found that a high 
sintering temperature had a negative effect on the oxygen permeation ﬂux for 40FO-60CGO dual 
phase membranes.  
   In the third article, 40MCO-60CPO dual phase membrane was prepared via a one-pot 
single-step glycine-nitrate combustion process (GNP). An oxygen permeation flux of 0.2 
ml/min·cm2 was obtained through the uncoated 40MCO-60CPO membrane with a thickness of 
0.5 mm using pure CO2 as sweep gas. No change of the oxygen permeation ﬂux was observed for 
more than 60 h when pure CO2 was used as sweep gas, which indicates that 40MCO-60CPO dual 
phase membranes are CO2-stable. 
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3.2 CO2-stable and cobalt-free dual phase membrane for oxygen 
separation 
Huixia Luo, Konstantin Efimov, Heqing Jiang, Armin Feldhoff, Haihui Wang and Jürgen 
Caro 
Angew. Chem. 2011, 123, 785; Angew. Chem. Int. Ed. 2011, 50, 759. 
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Experimental Section 
Synthesis of powders and membrane: The 40NFO-60CGO powder was prepared via a one-pot 
method.[1,2] using appropriate amounts of Ni(NO3)2, Fe(NO3)3, Ce(NO3)3 and Gd(NO3)3 dissolved 
in water and mixed in a beaker. After stirring for certain time, equal molar amounts of citrate and 
EDTA were added and the pH value was adjusted to ~ 9 by adding ammonia. The molar ratio of 
EDTA acid : citric acid : total metal ions was 1:1.5:1. Then the solution was stirred while heating 
at 150 °C, until the water was evaporated and a gel was formed. The gel was calcined in air at 
600 °C in a furnace to remove the organic compounds by combustion, and a primary powder was 
obtained. This powder was calcined at 1000 °C for 10 h. The powders were pressed to disk 
membranes under a pressure of 10 MPa in a stainless steel module with a diameter of 16 mm. 
The pure NFO and CGO phases have been prepared in the same way. The NFO and CGO 
powders were mixed by hand in a mortar for 1.5 h and from the mixed powders a 
40NFO-60CGO membrane has been prepared in the identical way as with the powder from the 
one-pot synthesis. Green disks were pressure-less sintered at 1350 °C for 10 h. The densities of 
the sintered membranes were determined by the Archimedes method using ethanol. Only those 
membranes that had relative densities higher than 95 % were chosen for oxygen permeation 
studies. The disks were polished with 1200 mesh sandpaper from both sides to achieve a 0.5 mm 
membrane thickness. To improve the oxygen surface exchange rate on the air side, the 
membranes were coated with an La0.6Sr0.4CoO3-δ (LSC) porous layer
 [1,2,3] on one side with a 
paste made of 40 wt. % LSC powder and 60 wt. % terpineol. The low CO2 partial pressure in air 
does not cause the strontium carbonate formation above 722 °C.[4] After coating, the membrane 
with the LSC layer was calcined at 950 °C for 2 hours. 
 
Characterization of membrane materials: The phase composition of the composite membrane 
was determined by in-situ powder X-ray diffraction (XRD) between room temperature and 1000 
°C using a PHILIPS-PW1710 (for stability tests in air) and a Bruker D8 (for stability tests in 50 
vol.% CO2/50 vol.% N2). On the PHILIPS-PW1710, the sample was tested in a high temperature 
cell with a heated Pt sample holder up to 1000 °C in air. The heating and cooling rates amounted 
to 6 °C/min. At each temperature step, the temperature was held for 70 min to record a data set in 
a continuous scan mode in the range of 20 o - 80 o with intervals of 0.05 o. On the Bruker D8, the 
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heating and cooling rates amounted to 12 °C/min. At each temperature step, the temperature was 
held for 30 min to record a data set in a continuous scan mode in the range of 20 o - 80 o with 
intervals of 0.05 o .The disc membranes were studied by scanning electron microscopy (SEM) 
and back scattered SEM (BSEM) using a JEOL JSM-6700F. The element distribution was studied 
on the same electron microscope by energy dispersive X-ray spectroscopy (EDXS) at 15 keV. 
Specimen for transmission electron microscopy (TEM) was thinned mechanically followed by 
argon ion beam sputtering.[5,6] Scanning TEM (STEM) in high-angle annular dark-field (HAADF) 
mode, EDXS, electron energy-loss spectroscopy (EELS), selected area electron diffraction 
(SAED), and high-resolution TEM (HRTEM) were conducted at 200 kV primary electron energy 
in a JEOL JEM-2100F, which was equipped with appropriate spectrometers, detectors, and an 
ultra-high resolution (UHR) pole-piece.[5,6] 
 
Oxygen permeation: The oxygen permeation was studied in a self-made high-temperature 
oxygen permeation cell as shown in.[7] A gold paste was used to seal the disk onto a quartz tube at 
950 °C for 5 hours. Air was the feed; He and CO2 have been used as sweep gases (29 ml/min, 
99.995 % + 1 ml Ne/min as the internal standard gas). A gas chromatograph (Agilent 6890) was 
on line connected to the permeation apparatus. The leakage of oxygen was subtracted when the 
oxygen permeation flux was calculated. The total flow rate of the effluents was calculated from 
the change in the Ne concentrations before and after the permeator. The oxygen permeation flux 
calculation was shown in detail in.[7,8]  
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Figure S1. In-situ XRD patterns of the one-pot 40NFO-60CGO composite membrane under air 
during increasing and decreasing temperature. 
Heating and cooling rates = 6 oC/min, equilibration time at each temperature: 70 minutes for 
recording the XRD at each temperature. 
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Figure S2 In-situ XRD patterns of the one-pot 40NFO-60CGO composite membrane under 50 
vol % CO2 and 50 vol % N2 for decreasing temperatures.  
Heating and cooling rates = 12 oC/min, equilibration time at each temperature: 30 min for 
recording the XRD.  
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Figure S3.  HRTEM of a dual phase membrane, which was obtained from direct one-pot 
method. a) CGO-CGO interface; b) NFO-NFO interface. 
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Figure S4. Effect of different CO2 sweep rate on oxygen partial pressure and oxygen permeation 
flux at 1000 oC. 
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3.3 Influence of the preparation methods on the microstructure and 
oxygen permeability of a CO2-stable dual phase membrane 
 
Huixia Luo, Heqing Jiang, Konstantin Efimov, Haihui Wang and Jürgen Caro 
    AIChE J. 2011, 57, 2738. 
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3.4 CO2-tolerant oxygen-permeable Fe2O3 - Ce0.9Gd0.1O2-δ dual phase 
membranes 
 
 
Huixia Luo, Heqing Jiang, Konstantin Efimov, Fangyi Liang, Haihui Wang, Jürgen Caro,  
 
Ind. Eng. Chem. Res. 2011, 50, 13508. 
 
 
 
 
  
Reprinted (adapted) with permission from (Industrial Engineering Chemistry Research). 
Copyright (2011) American Chemical Society.
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3.5 Rapid glycine-nitrate combustion synthesis of the CO2-stable 
dual phase membrane 40Mn1.5Co1.5O4-δ - 60Ce0.9Pr0.1O2-δ for CO2 
capture via an oxy-fuel process 
 
 
Huixia Luo, Heqing Jiang, Tobias Klande, Fangyi Liang, Zhengwen Cao, Haihui Wang, 
Jürgen Caro 
J. Membr. Sci. submitted, May, 2012. 
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Chapter 4 
4. Dual phase membrane as reactor for partial oxidation of 
methane  
4.1 Summary 
The above mentioned noble metal-free and alkaline metal-free dual phase membrane 
materials described in chapter 3 showed very good CO2 stability. However, it was found that 
most of these dual phase materials contain easily reducible metals oxides of Co or Ni in their 
compositions, which is unfavorable for the membrane stability in reducing atmospheres.  
In this chapter, a novel dual phase membrane cobalt-free noble metal-free 40PSFO-60CPO 
dual phase material was developed via a one-pot single-step GNP, as a proven means to obtain 
fine and homogeneous powders. The concept of this dual phase membrane was to prepare a 
mixture of a pure oxygen ionic conductor and a mixed (oxygen ionic and electronic) conductor. 
XRD and BSEM confirmed that the 40PSFO-60CPO dual phase membrane was successfully 
prepared. In-situ XRD demonstrated that the 40PSFO-60CPO dual phase membrane shows a 
good phase stability not only in air but also in 50 vol.% CO2/50 vol.% N2 atmosphere. At 950 
oC 
using pure He as sweep gas, a stable oxygen permeation flux of 0.26 ml/min·cm2 is obtained 
through the 40PSFO-60CPO dual phase membrane. Whereas, an oxygen permeation flux of 0.18 
ml/min·cm2 through the 40PSFO-60CPO dual phase membrane was obtained when using pure 
CO2 as sweep gas. The partial oxidation of methane (POM) to syngas was also successfully 
investigated in the 40PSFO-60CPO dual phase membrane reactor. At 950 oC under a steady state, 
methane conversion was found to be higher than 99 % with 97 % CO selectivity, and 7.81 
ml/min·cm2 oxygen permeation flux is obtained. The dual phase membrane, without any noble 
metals like Ag, Pd or easily reducible metals oxides of Co or Ni, exhibits high oxygen permeation 
fluxes as well as good phase stability at high temperatures. Furthermore, the dual phase 
membrane shows a good chemical stability under the harsh conditions of the POM reaction and 
in a CO2 atmosphere at high temperatures. 
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4.2 A novel cobalt-free noble-free oxygen-permeable 40Pr0.6Sr0.4FeO3-δ - 
60Ce0.9Pr0.1O2-δ dual phase membrane  
 
Huixia Luo, Heqing Jiang, Tobias Klande, Zhengwen Cao, Fangyi Liang, Haihui Wang, Jürgen 
Caro, 
 Chem. Mater. 24 (2012), 2148-2154    
 
 
Reprinted (adapted) with permission from (Chemistry of Materials). Copyright (2012) 
American Chemical Society. 
 
 
Chapter 4 Dual phase membrane as reactor for partial oxidation of methane 
 101 
   
Chapter 4 Dual phase membrane as reactor for partial oxidation of methane 
 102 
 
 
Chapter 4 Dual phase membrane as reactor for partial oxidation of methane 
 103 
 
Chapter 4 Dual phase membrane as reactor for partial oxidation of methane 
 104 
 
 
Chapter 4 Dual phase membrane as reactor for partial oxidation of methane 
 105 
 
Chapter 4 Dual phase membrane as reactor for partial oxidation of methane 
 106 
 
 
Chapter 4 Dual phase membrane as reactor for partial oxidation of methane 
 107 
 
 
Chapter 4 Dual phase membrane as reactor for partial oxidation of methane 
 108 
Chapter 5 Conclusions 
 109 
5. Conclusions 
    In this thesis, first the issues of phase stability and oxygen permeation behavior of single 
phase-type perovskite membrane were demonstrated by the example of BSCF tube membrane in 
high purity oxygen. It was found at 950 oC, that the BSCF tube membranes exhibit good 
long-term phase stability and a stable oxygen permeation ﬂux. However, at the intermediate 
temperature of 750 oC, both the oxygen permeation ﬂux and the oxygen purity decrease 
continuously due to a partial decomposition of the bulk cubic perovskite phase into a hexagonal 
perovskite (Ba0.5±xSr0.5±xCoO3-δ, x ≈ 0.1) and a trigonal mixed oxide (Ba1-xSrxCo2-yFeyO5-δ,, x 
≈ 0.15, y ≈ 0.25). The structural instability of BSCF is attributed to an oxidation of cobalt 
from Co2+ to Co3+ and Co4+, which exhibits an ionic radius that is too small to be tolerated by the 
cubic perovskite structure, which then becomes unstable.    
    As described in Section 1.3.2 and the first part, the wide applications of single phase 
perovskite membrane were still hampered not only by its phase instability at intermediate 
temperatures of 750 oC but also by its decomposition due to the formation of carbonates in the 
presence of CO2. Dual phase oxygen permeable membranes were proposed to avoid this dilemma 
since their compositions can be tailored in the practical applications. In the second part of this 
thesis, the preparation and characterization of CO2-stable dual phase membranes are 
demonstrated. Three types of noble metal-free and alkaline metal-free dual phase membranes of 
the compositions: (i) NiFe2O4-Ce0.9Gd0.1O2 (NFO-CGO), (ii) Fe2O3-Ce0.9Gd0.1O2 (FO-CGO) and 
(iii) Mn1.5Co1.5O4-Ce0.9Pr0.1O2 (MCO-CPO) have been developed via different methods including 
mixing powder by hand, mixing powder by ball-milling, one-pot single-step EDTA-citric acid 
sol-gel method and one-pot single-step combustion method. The one-pot methods gave the best 
homogeneous grain size distribution and the smallest grain size, leading to the highest oxygen 
permeability. The oxygen permeation fluxes through these dual phase membranes were 
performed as a function of time using pure CO2 as sweep gas. It was found that the oxygen 
permeation fluxes through 40NFO-60CGO, 40FO-60CGO and 40MCO-60CPO stabilized at the 
level of 0.3 ml/min·cm2, 0.2 ml/min·cm2 and 0.2 ml/min·cm2, respectively at 1000 oC, and no 
decrease of the oxygen permeation flux was observed, which indeed confirms that these dual 
phase membranes are CO2-stable. However, most of these dual phase membranes, which contain 
easily reducible oxides like Co, Ni, were not stable in harsh reducing atmosphere. 
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    In the third part of this thesis, a novel cobalt-free noble metal-free 40PSFO-60CPO dual 
phase material was developed via a one-pot single-step GNP, which is a proven means to obtain 
fine and homogeneous powders. In-situ XRD demonstrated that the 40PSFO-60CPO dual phase 
membrane shows a good phase stability not only in air but also in 50 vol.% CO2/50 vol.% N2 
atmosphere. At 950 oC, stable oxygen permeation fluxes of 0.26 ml/min·cm2 and 0.18 
ml/min·cm2 were obtained through the 40PSFO-60CPO dual phase membrane when using pure 
He and CO2 as sweep gases, respectively. The partial oxidation of methane (POM) to syngas was 
also successfully investigated in the 40PSFO-60CPO dual phase membrane reactor. At 950 oC in 
steady state, methane conversion was found to be higher than 99 % with 97 % CO selectivity, and 
a 7.81 ml/min·cm2 oxygen permeation flux has been obtained. XRD confirmed the unchanged 
dual phase structure of the spent 40PSFO-60CPO in POM to synthesis gas for more than 100 h, 
indicating that this dual phase was very stable in hash reducing atmosphere. 
    In conclusion, this Ph.D. work presents the issues of phase stability of BSCF perovskite 
membrane in high purity oxygen. Four novel CO2-stable dual phase membranes of the 
compositions of 40NFO-60CGO, 40FO-60CGO, 40MCO-60CPO and 40PSFO-60CPO were 
synthesized successfully via the direct one-step one-pot synthesis method. They possess high CO2 
stabilities and provide a promising way to supply pure oxygen to power plants with CO2 capture 
according to the oxy-fuel concept.   
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